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Abstract
A combined measurement and Monte-Carlo simulation study was carried out in
order to characterize the particle self-shielding effect of B4C grains in neutron
shielding concrete. Several batches of a specialized neutron shielding concrete,
with varying B4C grain sizes, were exposed to a 2 A˚ neutron beam at the R2D2
test beamline at the Institute for Energy Technology located in Kjeller, Nor-
way. The direct and scattered neutrons were detected with a neutron detector
placed behind the concrete blocks and the results were compared to Geant4
simulations. The particle self-shielding effect was included in the Geant4 sim-
ulations by calculating effective neutron cross-sections during the Monte-Carlo
simulation process. It is shown that this method well reproduces the measured
results. Our results show that shielding calculations for low-energy neutrons
using such materials would lead to an underestimate of the shielding required
for a certain design scenario if the particle self-shielding effect is not included
in the calculations.
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1. Introduction
The use of concrete as a neutron shielding material is common practice
at neutron research facilities, nuclear reactors, and hadron therapy treatment
facilities. The choice of using concrete is a trade-off between the shielding char-
acteristics, cost, and other engineering design requirements, such as stability
and physical space for example. A common approach to enhance the shielding
characteristics of concrete for low-energy neutrons is to add boron containing
compounds to the mixture [1]. This enhancement is due to the large low-energy
neutron absorption cross-section for 10B and additionally to the low-energy of
the emitted secondary photon radiation after the absorption process [2]. The
latter property helps to limit the dose rate behind a shield from photons pro-
duced in low-energy neutron absorption processes in the concrete material itself.
One example of such a concrete is the outer layers of the target monolith at the
Swiss Spallation Neutron Source [3, 4].
For energies up to 1 MeV, it has been suggested in addition to add polyethy-
lene (PE) to improve the neutron slowing down properties of the concrete [5].
Such a concrete can be especially effective at spallation neutron sources, such as
the European Spallation Source (ESS) [6] currently under construction in Lund,
Sweden, where a significant number of high-energy neutrons, keV and above,
will escape the target into the bulk shielding of the facility [7, 8]. For this rea-
son, we have developed a new specialized neutron shielding concrete based on
the addition of B4C grains and PE beads and studied the performance of the
concrete in the MeV energy range in a previous publication [9]. This concrete
is referred to as PE-B4C-concrete below. In the current work, we report on the
low-energy neutron transport properties of the specialized concrete. The results
have relevance for any type of shielding material containing a low amount of
small neutron absorbing grains.
The effectiveness of a concrete containing a small amount of B4C grains de-
pends not only on the weight fraction of B4C added to the mixture but also
on the size of the grains. This effect is referred to as the particle self-shielding
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effect, which can lead to a reduced performance of the additive in the concrete.
If the diameter of a grain is large enough, the interior region of the grain will
be shielded from neutrons by the outer layers of the grain. Thus a fraction
of the boron which was added to the concrete is rendered in-effective. Early
studies of the reduced performance of absorbing grains due to this effect were
carried out for neutron transmission in Boral [10, 11] and in samples containing
Al and B4C spherical particles [12]. Later, an analytical model [13] was used
to show the limitations of assuming a homogeneous sample for the transmission
of neutrons passing through a mixture of sulfur and tungsten grains [14]. More
recently, HDPE loaded with small B4C grains was investigated in a combined
simulation and experimental study and it was noted that smaller grain sizes led
to improved neutron shielding properties [15].
The design of neutron shielding components is frequently carried out us-
ing Monte-Carlo simulations. Typically, the material of a shield is assumed
to be composed of a homogeneous random distribution of the elements within
the shield and the particle-self shielding effect is not included. If this effect is
completely neglected, the shielding calculations would lead to incorrect predic-
tions of the required thicknesses of the materials needed for the design scenario.
A possible way to include this effect is to adapt an effective density for the
absorbing additive. However, as the particle-self shielding effect is energy de-
pendent, such a method would have limited applicability especially over a broad
energy spectrum. Alternatively, a study presented by T. Yamamoto [16] pro-
posed an effective cross-section calculation method for this application where
effective cross-sections of the components in the material were calculated dur-
ing a Monte-Carlo simulation. The effective cross-sections took into account
the particle self-shielding effect of the absorber grains. This method has the
added benefit that the user does not need to model each individual grain in
the material, which would lead to an increased computational burden. While a
Monte-Carlo benchmark of the method was shown in the previous study [16],
no experimental investigation of the method was presented.
In the following, we first describe an experimental investigation of the par-
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ticle self-shielding effect in our developed concrete using low-energy neutrons.
We then give a description of the concrete, followed by a discussion of the the-
oretical model and simulation methodology used to analyze the experimental
data. Lastly, we present a comparison of the simulations and measured results.
2. Experimental procedure
The low-energy neutron measurements were carried out at the R2D2 test
beamline at the JEEP II reactor at the Institute for Energy Technology located
in Kjeller, Norway [17]. Neutrons from the reactor core were incident on a Ge
wafer monochromator, of total crystal height 108 mm and width 54 mm, which
reflected and focused neutrons of a given wavelength at a 90o take-off angle
into a borated PE collimator. The 400 reflection of the Ge wafers was used to
provide neutrons of 2 A˚. Outside of the collimator, a neutron beam monitor
provided an indication of the number of reflected neutrons exiting the collima-
tor and two borated aluminum slits from JJ-XRAY [18] were used to define the
divergence of the beam. The first slit had a opening width of 11.7 mm and a
height of 43 mm while the second slit had an opening width of 7.6 mm and a
height of 26 mm. This allowed a maximum beam divergence of ∼3.6o in the
vertical direction and ∼2.3o in the horizontal direction to pass through the slits.
The concrete samples were placed after the slits and a 3He proportional counter
[19] was placed some distance behind the position of the samples. The counter
was placed in a borated PE housing, with an opening of width 5 mm and height
65 mm. Furthermore, a 2 cm thick B4C slit with an opening width of 5 mm
and height 25 mm was used to define the beam at the counter position. An
overview of the experimental setup outside of the collimator is shown in Fig. 1
and a photo is shown in Fig. 2.
A detailed description of the PE-B4C-concrete is given previously in [9],
however a brief overview is given here. The concrete was created by adding 10
wt% of PE in the form of a 50-50 mix of 2.5 mm and 5.0 mm diameter beads
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and a total of 0.76 wt% of B4C grains to a standard concrete mixture. This is
equivalent to 20 vol% PE and 0.6 vol% B4C, where the PE replaced the same
volume of granite in the concrete and the B4C replaced the same volume of
SiO2. Due to these modifications, the specialized concrete had a lower density
and lower compression strength than a standard concrete [9]. The exact con-
tents of the mixture are given in [9] and the calculated elemental content from
this mixture is given in Table 1.
Five different batches of the concrete were produced with different B4C grain
sizes, however the total weight fraction of B4C was kept the same. The grain
size diameter groupings ranged from: less than 0.063 mm, 0.063 mm - 0.125 mm,
0.125 mm - 0.25 mm, 0.25 mm - 0.5 mm, and 0.5 mm - 1.0 mm. Each group
was created from a powder containing a random distribution of B4C grains with
the use of a sieve, thus the exact diameter distribution of the grains within each
group is not known. Several different thicknesses of concrete blocks were pro-
duced for each batch with total thicknesses of 2.5 cm, 5.0 cm, 7.5 cm and 10
cm. The samples were made at the Danish Technological Institute [20] in small
batches, with a total weight of 35 kg each.
The samples were placed at the experimental setup as indicated in Fig. 1 and
exposed to the neutron beam for a given time. The number of neutrons detected
in the counter were recorded and saved for further analysis. For the thicknesses
of 2.5 cm and 5.0 cm, six measurements at different locations on each concrete
block were performed. For the the 7.5 cm thick samples, four such measure-
ments were carried out while only one measurement was performed for the 10
cm thick samples, due to limited beam time. In the cases where more than one
measurement was performed, the average of the number of detected neutrons
was calculated and used in the analysis below. The background in the detec-
tor was determined by tilting the monochromator off the 400 reflection peak
while leaving the concrete sample in place. Thus the background measurements
included slowing down effects of higher-energy neutrons in the beam to lower
energies and also contributions from other ambient sources in the reactor hall.
Background subtraction and normalization of the results were calculated using
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the total counting times of the individual measurements and the counts pro-
vided by the beam monitor. The statistical uncertainty in the measurements
was calculated using standard error calculation procedures.
3. Simulation Methodology
3.1. Model Description
The general theory behind the effective cross-section method is described
in general in [21, 22, 23] and [16] when applied to shielding calculations. An
overview of the relevant aspects of the theory is presented here for completeness,
however an interested reader should see the indicated references for more specific
details.
If a slab of material contains a uniform random distribution of grains of a
given diameter, D, it can be shown that the effective homogenized macroscopic
total cross-section of the slab is given by
Σ = Σm − 1
L
ln[1− q + qJ(−4Σ, D)], (1)
where 4Σ = Σa−Σm, Σa is the macroscopic total cross-section of the absorber
material, Σm is the macroscopic total cross-section of the matrix material in
which the grains are dispersed in, q = 1.5α with α being the volume fraction
of the grains. The model assumes that the total thickness of the material is
divided into sub-layers of thickness L. In this work, L is taken to be equal to
D, see the above mentioned references for more detail. The function J(x, y) is
given by,
J(x, y) =
2
y2
(
1
x2
+
(
y
x
− 1
x2
)
exp(xy)
)
. (2)
The effective microscopic cross-section of an isotope, σi,xe , in the material can be
calculated from σi,xe = Fa,m,e · σi,x where Fa,m,e is the correction factor, i and
x indicate an isotope and reaction type, and σi,x is the tabulated microscopic
cross-section of the isotope. The correction factors depend on whether the
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isotope exists in the absorber material, matrix material, or both. The correction
factor for an isotope in the absober material is
Fa =
ΣPa
αΣaPT
, (3)
and for an isotope in the matrix material,
Fm =
Σ(PT − Pa)
(1− α)ΣmPT , (4)
and if the isotope exists in both the absorber grain and the matrix material, the
correction factor is
Fe =
(1− α)N imFm + αN iaFa
(1− α)N im + αN ia
, (5)
where N im,a represents the atom density of the isotope in either the matrix
material or the absorber grain. The parameters Pa and PT are the collision
probabilities in the absorber grain and matrix material, and are given by,
Pa = q · exp(−ΣmD/2) · (J(Σm/2, D)− J(Σm/2− Σa, D)), (6)
and
PT = 1− exp(ΣL). (7)
3.2. Geant4 simulations
Based on the theoretical description in the previous section, we have im-
plemented a patch in Geant4 [24, 25] in order to calculate the cross-section
correction factors (Eqs. (3-5)) during the simulation process. The correction
factors were implemented in the G4ParticleHP module and calculated at any
time a neutron cross-section was accessed. The implementation takes into ac-
count the grain size effect due only to the B4C grains and not inhomogeneities
related to the the PE or other concrete mixture ingredients. The version of
Geant4 used was 10.3 patch-02.
A model of the experimental setup was created in the standard way in Geant4
and included the description provided in Fig. 1. In order to compare directly
with the measured results, the detector efficiency [26] was also included in the
analysis. This was calculated using tools provided by the ESS detector group
framework [27].
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4. Results and Discussion
The results of the measurements are presented in table 2 and are compared
with the Geant4 simulations in Fig. 3, where the quantity R/R0 is plotted as a
function of concrete total thickness. The quantity R is the measured or simu-
lated response of the proportional counter when the indicated concrete thickness
was placed in the neutron beam while R0 is the response when no blocks were
placed in the beam. The dashed lines represent the results of the simulations
for the upper and lower limits of the grain size distribution for a given batch of
concrete. The solid line represents the simulations if the effective cross-section
method was not used, which assumed a uniform random distribution of B in the
concrete. The statistical uncertainties of the simulation results were no more
than 6%. The missing data point for the 10 cm thick block with 0.125-0.250 mm
grain sizes was due to limited beam time. The measurement using the 10 cm
thick block with <0.063 mm grain sizes was close to the measured background
level and thus the error analysis yielded a large uncertainty.
In all cases shown in Fig. 3, the experimental results lie above the simula-
tion results when not using the effective cross-section method. This shows that
assuming a completely homogeneous distribution of B4C without invoking the
effective cross-section method would lead to an over-estimation of the neutron
absorption in the concrete. When the method was used, it can be seen that
there is much improved agreement between the simulations and measurements.
The small differences between the simulations and measurements may be due
to the fact that the concretes were created in small batches, as mentioned in
section 2. Due to this, there could have been regions in the concrete which were
not completely homogeneous and/or could contained air pockets.
These results show that calculations not using the effective cross-section ap-
proach would result in estimates of thinner shielding than actually required for a
specific design scenario. As the grain sizes get smaller, both the simulation and
measured results approach the simulation results without the effective cross-
section method. This indicates that using as small as possible grain sizes would
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yield the best possible performance of the concrete. However, the choice of grain
size also depends on the price of the B4C grains, which increases as the grain
size decreases, and also on the stability of the concrete, which can decrease as
the grain size gets smaller.
5. Conclusions
In summary, we have carried out a combined measurement and simulation
study on the low-energy neutron transport properties of a specialized neutron
shielding concrete containing small B4C grains. Five batches of the concrete
were produced with varying grain sizes and tested using a 2 A˚ neutron beam
at the R2D2 beamline at the Institute for Energy Technology in Kjeller, Nor-
way. It was found that the concretes exhibited a reduced performance due to the
particle self-shielding effect of the B4C grains which could be well reproduced us-
ing an effective cross-section method implemented in Geant4 simulations. This
study validates the use of this method for simulating shielding materials based
on small absorber grains for low-energy neutrons.
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Table 1: Material properties for the PE-B4C-concrete that was studied.
Element Weight percent
O 46.06%
Ca 8.05%
Si 28.4%
Al 2.34%
Fe 0.837%
Mg 0.195%
Na 0.613%
K 1.25%
S 0.276%
Cl 0.00353%
H 2.362%
Ti 0.0517%
P 0.0259%
C 8.93%
B 0.596%
Density 1.97 (g/cm3)
Table 2: The Measured results, R/R0, as a function of concrete block thickness and B4C
grain size. The quantity R is the response of the proportional counter when the indicated
concrete thickness was placed in the neutron beam while R0 is the response when no blocks
were placed in the beam.
Thickness 0.500-1.000 mm 0.250-0.500 mm 0.125-0.250 mm 0.063-0.125 mm <0.063 mm
2.5 cm (5.14±0.87)×10−2 (3.70±0.79)×10−2 (2.58±0.70)×10−2 (3.08±0.86)×10−2 (2.24±0.57)×10−2
5.0 cm (1.91±0.50)×10−3 (1.06±0.19)×10−3 (2.22±1.23)×10−3 (1.77±0.46)×10−3 (4.90±1.65)×10−4
7.5 cm (6.54±2.02)×10−5 (5.85±1.38)×10−5 (7.27±3.44)×10−5 (2.72±0.94)×10−5 (3.92±1.26)×10−5
10.0 cm (2.40±0.18)×10−5 (7.96±1.73)×10−6 - (4.64±1.78)×10−6 (0.13±1.73)×10−6
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Figure 1: A schematic of the setup used for the concrete measurements at the R2D2 test
beamline.
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Figure 2: A photo of the setup used for the concrete measurements at the R2D2 test beamline.
The components indicated are 1) the monochromator shielding, 2) the slit system, 3) a concrete
sample, and 4) the proportional counter and shielding.
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Figure 3: Comparison between the measured results and the Geant4 simulation results. The
dashed lines represent the ranges of the grain size boundaries used in the simulations, indicated
by the text in each sub-figure. The solid lines represent the results of the Geant4 simulations
if a homogeneous mixture of B4C is assumed without the effective cross-section method. The
points indicate the results of the measurements. The quantity R is the measured or simulated
response of the proportional counter when the indicated concrete thickness was placed in the
neutron beam while R0 is the response when no blocks were placed in the beam.
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